An accumulating body of literature indicates that small amounts of reactive oxygen species (ROS), such as superoxide (O 2 и ) and hydrogen peroxide (H 2 O 2 ), play important roles as signaling molecules for normal cellular functions in vascular cells. ROS modulate growth factor signaling, regulate transcription factors that control gene expression associated with proliferation, differentiation, and apoptosis, and influence GTPase-dependent cytoskeletal rearrangements. ROS production and removal are tightly regulated, enabling these second messengers to have a transient mode of action and to act on adjacent targets. Under normal physiological conditions, ROS destruction by antioxidant enzymes is sufficient to maintain a controlled activation of signaling cascades. In contrast, in vascular disease, the production of ROS in excess of endogenous antioxidant capacity leads to oxidative stress, which in turn results in abnormal physiological responses. In this review, we will discuss ROS modulation of signaling cascades in vascular smooth muscle cells (VSMCs), focusing on the vasoactive hormone angiotensin II (Ang II). 20, 51). These reactive species can attack both LDL and HDL, thus enhancing cholesterol intake and reducing cholesterol efflux, respectively, and contributing to plaque formation (84). Hormones such as Ang II, tumor necrosis factor (TNF)-␣, platelet-derived growth factor (PDGF), and interleukin (IL)-1␤ alter the expression and activity of these antioxidant enzymes (23, 36, 102, 120) . The net result is that ROS levels reflect a balance between regulated production and removal of these molecules. The oxidative state of vascular cells thus dynamically shifts between a prooxidant state and a more reductive environment.
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Production and Metabolism of ROS

Neutrophil NADPH oxidase
The vascular NADPH oxidases are closely related to the neutrophil NADPH oxidase, a multimeric enzyme that produces ROS essential to phagocyte microbicidal functions, allowing for the release of ROS from phagosomes into the extracellular space to kill invading bacteria (27, 28). The phagocytic NADPH oxidase consists of five subunits. Together, the integral membrane proteins gp91phox and p22phox comprise the cytochrome b558 membrane complex, which is localized in submembranous vesicles and in the plasma membrane. gp91phox is the catalytic subunit of the phagocyte cytochrome and binds one FAD and two heme molecules. p47phox, p67phox, and the small molecular weight G-protein Rac are cytosolically localized and do not interact with the cytochrome in resting cells. On agonist stimulation, p47phox is phosphorylated on eight to nine serines by either prolinedirected kinases or protein kinase C (PKC) (32). S359 269
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Alicia N. Lyle and Kathy K. Griendling and S370 are phosphorylated first, and then S379 acquires a phosphate exposing an SH3 binding site, which interacts with the proline-rich region of p22phox and facilitates translocation to the membrane (62) . Finally, S303 and S304 are phosphorylated, leading to full catalytic activity (58 (70) . Although Nox1, Nox4, and Nox5 mediate ROS formation, until very recently, their interactions with regulatory proteins were poorly defined. It is now clear that both Nox1 and Nox4 directly interact with p22phox and that p22phox stabilizes the enzyme structure (3, 46, 64) . Mutations in the proline-rich region of p22phox inhibit Nox1, but not Nox4, activity (64) , suggesting the importance of this region of p22phox for binding Nox1 regulatory subunits. The significance of p47phox and its requirement for Nox1 oxidase activity in response to Ang II and PDGF is clearly established, both in vivo and in vitro (41, 47, 71, 73) . Nox1 can interact with the phagocyte subunits p22phox (46), p47phox, and p67phox, as well as two novel homologs of p47phox and p67phox, known as Noxo1 and Noxa1, respectively (7, 107). Of importance, the classical subunits and novel homologs are capable of interacting with one another to regulate NADPH oxidase activity (107) , suggesting that each tissue may have functional NADPH oxidase complexes of unique molecular compositions. The Noxo1 and Noxa1 homologs do, however, exhibit differences from the phagocytic NADPH oxidase subunits. These divergences include the lack of an autoinhibitory domain and the PKC phosphorylation sites in Noxo1 that are found in p47phox, as well as the absence of the first p67phox Src homology domain and the presence of a hydrophobic stretch in Noxa1 (7). Recently, Noxa1 was described as a critical component responsible for vas- 
Structures of VSMC NADPH oxidases
The gp91phox homologs expressed in VSMCs include Nox1, Nox2, Nox4, and Nox5. Each of these proteins consists of six transmembrane-spanning domains. Nox1, Nox2, and Nox4 require the subunit p22phox for stabilization and to form functional ROS-generating NADPH oxidase enzymes; however, this is not the case for Nox5. The distribution of the catalytic subunits differs in VSMC, where Nox1 is predominantly localized to caveolae and Nox4 is typically localized in focal adhesions. The cellular distribution of Nox2 and Nox5 in VSMC is not yet known. The Nox1 NADPH oxidase associates with two cytosolic factors, p47phox and Noxa1, as well as the small-molecular weight Gprotein Rac. Nox2 is regulated by p47phox and p67phox, whereas Nox4 presently has no known regulatory subunits. Nox5 is unique in that it contains four EF-hand domains at the NH 2 terminus (three canonical and one noncanonical) that serve as Ca 2+ binding domains (9, 10). cular oxidase activity (4). Thus, based on available current evidence, Nox1 activity in VSMCs appears to be regulated by p47phox and Noxa1 (4, 14, 69, 73) , as well as the small molecular weight G-protein Rac (101) . In contrast, neither Noxa1, p47phox, Noxo1, p67phox, nor Rac are required for ROS generation by Nox4 (78) . Although Nox4 may not require the previously identified cytosolic oxidase regulatory subunits for its enzymatic activity, whether it has unique regulatory partners remains to be determined. In contrast to the other Noxes, Nox5 does not require p22phox and is activated directly by calcium (9, 10).
Cellular localization of NADPH oxidases in VSMCs
The subcellular localization of Nox1 and Nox4 is distinct in VSMCs, which may reflect specific cellular functions. Hilenski et al. (53) found by immunocytochemistry that Nox1 co-localizes with caveolin in punctate patches on the surface and along the cellular margins, whereas Nox4 is found in the nucleus and colocalized with vinculin in the focal adhesions.
Interestingly, p22phox co-localizes in similar patterns with Nox1 and Nox4 (3, 53) . 
Activity of NADPH oxidases
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FIGURE 2. Activation of NADPH oxidases
The following pathways are activated in VSMCs and result in stimulation of NADPH oxidase. Stimulation of the AT 1 receptor (AT 1 R) by angiotensin II (Ang II) leads to rapid generation of reactive oxygen species (ROS) through protein kinase C (PKC) activation. The Gq subunit of the heterotrimeric G-protein activates phospholipase C (PLC), which produces inositol trisphosphate (IP 3 ) and diacylglycerol (DAG). DAG can also be produced in response to ␤␥-mediated stimulation of phospholipase D (PLD) to produce phasphatidic acid (PA), which is converted to DAG. IP 3 -mediated release of calcium from the sarcoplasmic reticulum and DAG both contribute to the activation of PKC. On activation, PKC phosphorylates the p47phox subunit, thus activating the NADPH oxidase, leading to the production of superoxide (O 2 и-) intracellularly, which is converted to H 2 O 2 by superoxide dismutase (SOD). H 2 O 2 activates c-Src, leading to epidermal growth factor receptor (EGFR) transactivation. The EGFR is upstream of PI3-kinase and Rac. PI3-kinase produces phosphatidylinositol 3,4,5-trisphosphate (PIP 3 ), which in turn activates the guanine nucleotide exchange factor (GEF), recently Sos, for the small-molecular weight G-protein Rac. Another activator of Sos is c-Abl, also found to be activated in response to the activation of c-Src. The Sos exchanges GDP for GTP on Rac, thus activating Rac, which binds to the NADPH oxidase complex, leading to the generation of O 2 и-and H 2 O 2 . H 2 O 2 creates a positive feedback loop through the activation of c-Src, which then further amplifies NADPH oxidase activity. Dotted arrows indicate hypothetical relationships.
due to the presence of large reserves of reducing agents such as glutathione and endogenous antioxidant defense mechanisms such as SOD, catalase, and peroxidases (35).
Modulation of Signaling by ROS
ROS modulate signaling cascades and thus the ultimate physiological response by modifying specific residues or heme groups on proteins. Each ROS has a specific mechanism of action. 
ROS-Dependent Signal Transduction in VSMC Growth and Hypertrophy
De-differentiated VSMCs are prominent in cardiovascular diseases such as hypertension, atherosclerosis, and restenosis after balloon angioplasty. These altered VSMCs exhibit phenotypic changes that support growth, and ROS production is intimately involved in many processes leading to both proliferation and hypertrophy. Not only are receptor-associated signals modulated by ROS, but those further downstream that regulate translation initiation and gene expression are modified as well. The short half-life of O 2 и limits the likelihood of this ROS serving a paracrine role in the vasculature; however, its more stable metabolite, H 2 O 2 , is a more viable candidate for this role due to its ability to diffuse more freely across the vascular wall (6). Therefore, H 2 O 2 produced by cells other than VSMCs, including endothelial cells and adventitial fibroblasts, can also potentially modulate hypertrophic and proliferative pathways (6). The regulation of growth-related signaling by ROS is known for multiple growth factors and hormones, but the two best studied are Ang II and PDGF. Therefore, Ang II will be discussed as a prototypical hypertrophic agent, whereas PDGF will be used as a model proliferative agent.
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AT-1 Receptor-Mediated NADPH Oxidase Activation
Multiple signaling pathways contribute to activation of vascular NADPH oxidases over a broad time frame, beginning with receptor stimulation. Of these, the best-studied in VSMCs are those by which Ang II activates Nox1 and Nox2. Ang II not only stimulates NADPH oxidase-dependent O 2 и production in VSMCs but in endothelial cells and adventitial fibroblasts as well (88, 132) .
Initial stimulation of the AT 1 receptor (AT 1 R) by Ang II results in rapid activation of phospholipase C (PLC) enzymes via the ␣-subunit of heterotrimeric G proteins (G␣) or tyrosine phosphorylation (117) . PLC produces inositol trisphosphate (IP 3 ) and diacylglycerol (DAG). DAG and the release of calcium from the sarcoplasmic reticulum by IP 3 activate PKC, leading to phosphorylation of p47phox and initial activation of the NADPH oxidase (101, 112) (FIGURE 2). PKC activation is also mediated by phospholipase D (PLD), which forms phosphatidic acid (PA) and serves as a source for DAG (68, 69, 114) . In addition, calcium activates phospholipase A 2 (PLA 2 ), which cleaves phosphatidylcholine to produce lysophosphatidylcholine (LPC) and arachidonic acid (AA). Both LPC and AA enhance NADPH oxidase activity (130) .
Nearly simultaneously with phospholipase stimulation, Ang II also activates Src kinase via the ␤␥-subunits of the heterotrimeric Gq protein (117) . c-Src transactivates the epidermal growth factor receptor (EGFR) by phosphorylating two specific tyrosines on the cytoplasmic domain of the receptor: Tyr 1068 and Tyr 1173 (118) . c-Src also activates c-Abl, which can then phosphorylate the Rac guanine nucleotide exchange factor (GEF) Sos (son-of-sevenless) (133) . The EGFR in turn activates PI3-kinase, which produces phosphatidylinositol 3,4,5-trisphosphate (PIP 3 ), a lipid important in recruiting PH-domain-containing proteins to the membrane. PIP 3 is involved in Rac1-mediated activation of the NADPH oxidase, presumably via stimulation of a Rac-GEF such as Sos. Rac activation is required for Nox1 stimulation by Ang II (101) . In a self-sustained activation loop, ROS released by the oxidase activate c-Src and thus further increase NADPH oxidase-derived ROS production, enabling prolonged ROS generation in response to Ang II stimulation. In physiological conditions, this increased intracellular ROS production does not alter the cell's redox state
Hypertrophic pathways
In VSMCs, hypertrophic agents such as Ang II activate both ROS-sensitive and ROS-insensitive signaling pathways, leading to translation initiation and increased protein synthesis (FIGURE 2A). Ang IIinduced VSMC hypertrophy is inhibitable by the flavin oxidase inhibitor diphenylene iodonium (DPI), p22phox antisense, and catalase (41, 119, 129), thus implicating NADPH oxidase-derived H 2 O 2 in the growth response.
An early ROS-dependent signal activated by Ang II is c-Src (101). On parallel Ca 2+ -mediated activation of proline-rich tyrosine kinase 2 (Pyk2), c-Src and Pyk2 form a complex that binds to and phosphorylates the EGFR and c-Abl (118), creating binding sites for downstream signaling molecules. Ang II also activates two adapter molecules, p130Cas, which forms a complex between Pyk2 and PI3-K (97), and Gab1, which binds to the p85 subunit of PI3-K and translocates it to the membrane (44). One consequence of PI3-K activation is translocation of Akt to the membrane, where 3-phosphoinositide-dependent protein kinase-1 (PDK-1) phosphorylates Akt at Thr308 (109) . In parallel, Nox-dependent generation of ROS triggers the S-glutathiolation of Ras on Cys118 and a subsequent increase in Ras activity leading to p38MAPK phosphorylation (2). Akt and p38MAPK exist in a complex, and on stimulation of p38MAPK (115), MAPKAPK-2 is recruited to this complex and phosphorylated, where it phosphorylates Akt on Ser473 (108), leading to full Akt activation. Another mechanism contributing to ROS sensitivity of p38MAPK is the regulation of its upstream kinase, apoptosis signal-regulating kinase 1 (ASK1) by Trx. Trx, in a reduced form, binds to and inhibits ASK1-mediated signaling by promoting ASK1 ubiquitination and degradation. ROS activate ASK1 in part by oxidizing Trx and forming an intramolecular disulfide bond between C32 and C35, thereby releasing Trx from ASK1 (43).
Simultaneously with p38MAPK/Akt activation, Ang II stimulates extracellular signal-regulated kinase 1/2 (ERK1/2) via the association of Shc (Src homology complex) with the EGFR and recruitment of Grb2 (growth factor receptor-bound protein-2) and Sos to activate Raf-1 (12). The redox sensitivity of this step is controversial, but most laboratories find that ERK activation is not dependent on ROS (45, 97, 113). Both ROS-sensitive and ROS-insensitive signaling pathways are required for hypertrophy and converge at the level of translation initiation. The rate-limiting step in the initiation of protein translation is phosphorylation of PHAS-1 and subsequent release of eukaryotic initiation factor-4E (eIF4E). PHAS-1 is phosphorylated on multiple sites, two of which are Thr70 and Ser65. Before Ser65 phosphorylation, PHAS-1 must be phosphorylated on Thr70 (50, 98), which involves the non-ROS-sensitive ERK1/2 and PI3-kinase signaling pathways (98) . Subsequently, Ser65 is phosphorylated by Akt in a manner inhibited by antioxidants (116) . ROS also contribute to Ser65 phosphorylation by inhibiting protein phosphatase 2A (PP2A) (92, 98) . These reports implicate PHAS-1 as a single molecule that serves to integrate ROS-sensitive and ROS-insensitive signaling pathways in VSMCs.
Proliferative pathways
PDGF, a potent proliferative signal for VSMCs (FIGURE 3B), exerts its effects by binding to a receptor tyrosine kinase, the PDGF receptor (PDGFR). This receptor consists of two single transmembrane domain proteins that dimerize to form a functional receptor, leading to the cross-phosphorylation of tyrosine sites in the cytoplasmic tails. PDGFR phosphorylation occurs independently of ROS (126), but Prx II, a cellular peroxidase that eliminates endogenous H 2 O 2 produced in response to growth factors such as PDGF, negatively regulates PDGF signaling by interacting with the PDGFR and suppressing protein tyrosine phosphatase inactivation, suggesting a role for ROS in PDGF signaling (124) . Notably, cellular deficiencies in Prx II result in increased production of H 2 O 2 , as well as enhanced activation of the PDGFR and PLC (124) .
PDGF increases ROS production by activating a Nox1-based oxidase that requires p47phox (71, 73, 79) . PDGFR activation stimulates the association of Shc/Grb2/Sos/Ras with the receptor (90) , where Ras is activated by oxidative modification (105), leading to activation of Raf kinase, an upstream kinase for ERK1/2 (12, 13). ERK1/2 phosphorylation is blocked by catalase, implicating H 2 O 2 in this response (105) . ERK1/2 has multiple targets, but is quickly translocated to the nucleus, where it activates transcription factors such as AP-1 (Fos/Jun heterodimer) and Elk-1, leading to upregulation of growth-related genes. Of importance, AP-1 activity is critically dependent on redox factor-1 (Ref- An additional pathway that is crucial for PDGF-induced proliferation of VSMCs is initiated by the production of PIP 3 . PDGF increases PIP 3 by two mechanisms: activation of PI3-kinase and oxidative inactivation of PIP 3 phosphatase, known as phosphatase and tensin homolog (PTEN). PIP 3 mediates Akt activation, which in turn activates the p70S6K/mTOR pathway leading to enhanced translation of cyclin D1 (83) . Importantly, p70S6K is activated by H 2 O 2 , indicating that it does lie in a redox-sensitive pathway (95) . Akt also phosphorylates and inactivates glycogen synthase kinase-3 (GSK-3) (24). GSK-3 functions to phosphorylate cyclin D1 on Thr286, thus tar- (75, 91) . A major target of moderate ROS stimulation is cyclin D1, which is stabilized through the activation of the PI3-K/Akt pathway (32, 63). Furthermore, Nox1 expression leads to increased cyclin D1 transcription via redox-sensitive AP-1, NF-B, and ETS proteins (16). Cyclin D1-CDK4/6 phosphorylates retinoblastoma protein (Rb)
ROS-mediated cell cycle regulation has been reviewed recently (16, 19, 99) . It should be noted that VSMC growth is a balance between proliferation and apoptosis. Studies show that cell cycle arrest occurs in response to high levels of ROS (59, 100), whereas moderate levels of ROS function to coordinate a number of Rb and mediates gene expression and progression to late G1 phase.
Conversely, high levels of ROS lead to cell cycle arrest. ROS-sensitive targets include p21, a CDK inhibitor, and p53, a tumor suppressor gene that regulates apoptosis and is a negative regulator of the cell cycle. H 2 O 2 induces an increase in p53 mRNA expression (29). The protein p21, an effector of p53, binds to and inhibits cyclin D-CDK4 complexes and results in cell cycle arrest in G1. Deshpande et al. (29) also demonstrated that H 2 O 2 increases p21 mRNA and protein levels significantly in VSMC, leading to arrest at the G0/G1 transition.
ROS-Dependent Signal Transduction in VSMC Migration
VSMC migration is critical for a number of physiological processes, including embryonic development, inflammatory responses, and the response to injury (55) . ROS have been implicated in cell migration in VSMCs stimulated with several agonists. Phenylephrine-and vascular endothelial growth factor (VEGF)-induced VSMC migration are blocked by treatment with catalase or the antioxidants N-acetyl cysteine (NAC) and pyrrolidine dithiocarbamate (85, 122) . Thrombin-stimulated migration is inhibited by the NADPH oxidase inhibitors apocynin and DPI, implicating NADPH oxidase-derived ROS in this response (123) . Wang et al (122) showed that VEGF treatment of human VSMC increased intracellular ROS, NF-B activation, and IL-6 expression and migration, all of which were blocked by antioxidants. Monocyte chemotactic protein-1 (MCP-1) acts as a chemoattractant for VSMCs, and MCP-1-stimulated migration requires both ROS production and ERK1/2 activation in a positive activation loop, which may contribute to the atherogenic effects of MCP-1 (76) .
Recently, a number of signal transduction pathways were identified as regulators of actin polymerization and contractility in cells, two processes integral to cell migration. However, regulation of the actin cytoskeleton with respect to VSMC migration is not well understood. To begin to understand the role of ROS in VSMC motility, migration pathways delineated in fibroblasts will be used as a model (FIGURE 4) .
The process of cell migration can be essentially divided into distinct processes (55) . Migration begins with an initial protrusion or extension of the plasma membrane at the front/leading edge of the cell. The formation of these protrusions is promoted by the polymerization of a network of cytoskeletal actin filaments and is stabilized through the formation of adhesive complexes within the protrusion. Next, as the cell migrates, the focal complexes at the front of the cell strengthen into larger, more organized focal adhesions that serve as points of traction over which the cell body moves. For the cell to make forward progression, it must release its rear adhesions to allow a net forward displacement.
Extension of plasma membrane at the cell's leading edge
To establish a leading edge, the cell must first sense a gradient and establish polarity, which in turn allows 275 PHYSIOLOGY • Volume 21 • August 2006 • www.physiologyonline.org
REVIEWS FIGURE 3. Growth signaling pathways
A: hypertrophic pathways. In VSMCs, Ang II can activate both ROS-sensitive and ROS-insensitive pathways that converge at PHAS-1, leading to translation initiation and increased protein synthesis. Ang II binds to the AT1R, stimulating Gq activation of PLC and subsequent increases in intracellular Ca 2+ and activation of NADPH oxidases. These signals function to activate the epidermal growth factor receptor (EGFR) and initiate signaling cascades that are ROSsensitive and ROS-insensitive. The ROS-sensitive pathway is depicted on the right side of the figure and is initiated by Ang II stimulation of c-Src through activation of NADPH oxidase. c-Src and Pyk2 form a complex that binds to and phosphorylates the EGFR and c-Abl, creating binding sites for the downstream signaling molecules p130cas, and PI3-K. On PI3-kinase activation, Akt and p38MAPK translocate to the membrane, and MAPKAPK-2 is recruited to this complex and phosphorylated, where it phosphorylates Akt on Ser473, leading to full Akt activation and subsequent phosphorylation of PHAS-1 at Ser65. The redox-insensitive pathway is depicted on the left of the figure and is also initiated by Ang II stimulation. However, this pathway is activated via Ang II stimulation of PLC and Ca 2+ release, which stimulates the association of Shc, Grb2, and Sos at the EGFR. This complex activates Raf-1 and Ras, leading to ERK activation. ERK in turn phosphorylates PHAS-1 and Thr70. PHAS-1 activation causes subsequent release of eukaryotic initiation factor-4e (eIF4E) and translation initiation, which leads to hypertrophy. B: proliferative pathways. Plateletderived growth factor (PDGF) exerts its proliferative effects by binding to the PDGF receptor (PDGFR). On PDGFR phosphorylation, there is subsequent association of Shc/Grb2/Sos/Ras with the receptor, where Ras is activated, and leads to activation of Raf kinase, an upstream kinase for ERK1/2. ERK1/2 translocates to the nucleus, where it activates transcription factors such as AP-1 (Fos/Jun heterodimer), leading to upregulation of growth-related genes. Of importance, AP-1 activity is critically dependent on redox factor-1 (Ref-1) . PDGF activates Ref-1 by changing its redox status, thereby enhancing activity of AP-1 and promoting G0/G1 to S phase transition in the cell cycle. An additional pathway that is crucial for PDGF-induced proliferation of VSMCs is initiated by the production of PIP 3 by activation of PI3-kinase and inactivation of phosphatase and tensin homolog (PTEN). PIP 3 mediates Akt activation, which in turn activates the p70S6K/mTOR pathway leading to enhanced translation of cyclin D1. Akt phosphorylates and inactivates glycogen synthase kinase-3 (GSK-3), which functions to phosphorylate cyclin D1 and target it for degradation, thus inhibiting cell cycle progression. Inactivation of GSK-3 by Akt therefore decreases cyclin D1 turnover and prolongs its half-life, leading to cell cycle progression.
"...stabilization of the lamellipodia at the leading edge of the cell occurs through the formation of adhesive complexes..." (86) . These become incorporated into focal complexes that contain focal adhesion kinase (FAK), vinculin, and paxillin (131) . As the cell migrates, the focal complexes at the front of the cell grow and strengthen into larger, more organized focal adhesions that serve as points of traction over which the cell body moves (86) . The mechanisms regulating the conversion of focal complexes to focal adhesions are unclear but appear to require Rho (86) . In aorta, ROS activate the Rho pathway (61), but the relationship of this activation to focal adhesions is vague. However, recent work shows that Rho-GTPases contain a conserved redox-sensitive motif that appears to be critical for guanine nucleotide dissociation, raising the possibility of direct regulation of Rho-GTPases by ROS (52). ROS-generating hormones such as Ang II have profound effects both on focal adhesion formation and on enzymes/cytoskeletal-associated components found within these cell-matrix signaling domains (18). Ang II-induced H 2 O 2 production activates c-Src (118), which is critically important for focal adhesion formation (60) . c-Src phosphorylates FAK and Pyk2, the latter of which forms a binding site for PDK1. Phosphorylation of PDK1 on Tyr9 is required for Ang II-stimulated focal adhesion formation (109) . Notably, PDK1 is also tyrosine phosphorylated by H 2 O 2 (109) . In addition, PDK1 phosphorylates the p21-associated kinase (PAK), which regulates cytoskeletal rearrangement. Downstream targets of PDK1 may also include FAK and Pyk2, which form multiprotein complexes with paxillin, tensin, and p130Cas (31, 74, 87). Rac, Src, PDK1, and PAK are all necessary for PDGF-induced migration of VSMC (126) . the plasma membrane to extend lamellipodia in the direction of eventual movement (72, 86) . In vascular injury, a gradient is established by platelet release of PDGF, such that VSMCs migrate toward the lumen (21, 72). Generation of filopodia and/or lamellipodia is driven by actin assembly in other cell types, which in turn is regulated by Rac (86) . Rac stimulates actin polymerization via several mechanisms, including nucleation of new actin filaments (77, 81) , extension of existing filaments (48), and activation of LIM kinase, which phosphorylates and inactivates the actin capping protein cofilin, thus preventing actin depolymerization (5, 128) . Although the ROS sensitivity of actin dynamics is not fully understood in VSMCs, in endothelial cells, inhibition of NADPH oxidases or the use of SOD mimetics reduces actin monomer incorporation at the fast-growing barbed ends of filaments (37). Glutathiolation of G-actin increases the rate of actin polymerization (121) . Because Rac plays multiple roles in fibroblast and platelet movement, the specific importance of Rac-mediated NADPH oxidase activity in lamellipodia formation in VSMCs requires further investigation.
Formation of focal complexes and adhesions for cell movement
As described above, stabilization of the lamellipodia at the leading edge of the cell occurs through the formation of adhesive complexes (48). These complexes are regions of the plasma membrane where integrin receptors, actin filaments, and other proteins cluster together. Integrins and related proteins become activated and bind to the extracellular matrix components
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FIGURE 4. Proposed migration signaling pathways in VSMCs
Very little is known about ROS regulation of migration signaling pathways in VSMCs. In VSMC, within the cell's leading edge, NADPH oxidase activation leads to O 2 и-and H 2 O 2 production. H 2 O 2 can, in turn, activate c-Src, which stimulates c-Src, PDK1, and PAK to form a complex. It is proposed that, downstream of PAK, actin polymerization occurs and lamellipodia are extended in the direction of migration. Meanwhile, focal adhesions must form for migration to take place. Local NADPH oxidase activation leads to H 2 O 2 production and activation of c-Src and PDK1. c-Src phosphorylates FAK and Pyk2, allowing Pyk2 to complex with PDK1, p130cas, and paxillin, all of which contribute to the transformation of focal complexes to focal adhesions, which are necessary for cell migration. Dotted arrow indicates hypothetical relationships.
Generation of force and release of rear adhesions for forward progression
The next step in migration is the generation of force to initiate forward progression of the cell. It has been proposed that the GTPases Cdc42 and Rho regulate contractile forces by influencing myosin light chain (MLC) phosphorylation. MLC phosphorylation promotes dimerization and interaction with actin to drive contraction (55) . Rho kinase, activated by Rho and ROS (61), functions to inhibit the myosin phosphatase, allowing MLCs to remain in a contractile (phosphorylated) state (55) .
The release of rear adhesions and the continued forward progression of the migrating cell depends on focal adhesion turnover, which is critical for the continued reorganization of adhesion contacts during cell migration (72, 93) . Cells lacking Src family kinases, FAK, and calpain exhibit migratory defects that appear to reflect an inhibition of focal adhesion turnover; however, focal adhesion formation is not impaired (36, 56, 66) . Little is known about the process of focal adhesion turnover in VSMCs. (65), as well as vasodilation mediated by activation of potassium channels in the cerebral and coronary vasculature (11, 33). The sensitivity of potassium channel-dependent relaxation to O 2 и and H 2 O 2 depends on the gating properties of the channels, the structural components that are present, and the cell type (43). Although H 2 O 2 is generally found to inhibit these channels, thus enhancing contraction (43), excitation of large conductance calcium-activated potassium channels by O 2 и has been reported to mediate relaxation (11). In the aorta, ROS are vasoconstrictive, and Ang II-induced aortic contraction is inhibited by catalase (111) . ROS-induced calcium sensitization, specifically ROS generated by XO, is mediated through the activation of Rho and a subsequent increase in Rho kinase activity (61). As noted above, Rho kinase inhibits the myosin phosphatase, sustaining MLC phosphorylation. The RhoA/Rho kinase pathway partially mediates endothelin-1-induced contraction, and this is proposed to be via ROS; however, recent studies suggest that endothelin-1-induced contraction in veins is independent of H 2 O 2 (110) . (80), the specific role of NADPH oxidases in the VSMC migration and proliferation that accompanies restenosis remains to be investigated.
ROS-Dependent Signaling to Contraction
Conclusions and Future Directions
The past decade has afforded enormous progress in our understanding of the impact of ROS on VSMC function. 
